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Abstract

We studied how pipe material can modify the effectiveness of UV- and chlorine disinfection in drinking water and
biofilms. This study was done with two pipe malerials: copper and composite plastic {polyzthylene, PE} in a pilot scale
water distribution network. UV-disinfection decreased viable hacterial numbers in the pilot waterworks and outlet
water of pipes on average by 79%. but in biofilms its disinfecting effect was minor. Chiorine decreased effectively the
microbial numbers in water and biofilms of PE pipes. In outlet water from copper pipes, the effect of chiorination was
weaker; microbial numbers increased back 1o the level before chlorination within a few davs. In the biofilms present in
the copper pipes, chlorine decreased microbial numbers only in front of the pipeline. One reason for weaker efficiency of
chlorine in copper pipes was that its concentration declined more rapidly in the copper pipes than in the PE pipes. These
results means that copper pipes may require a higher chiorine dosage than plastic pipes to nchieve effective disinfection

of the pipes.
© 2005 Elsevier Ltd. All righls reserved.
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1. Introduction

Most microbes in drinking water distribution system
are present in biofilms inhabiting on the inner surfaces
of pipelines (Laurent ot al., [1993; Zacheus et al.. 2001),
Usually microbes in biofilms are more resistent against
chemical disinfection than planktonic bacteria in water
(LeChevallier, 1990). There are severad reasons for
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invulnerability of bacteria in biofilms: including slow
growtk, physiclogic heterogeneity of bacteria and sticky
matrix containing DNA, other polymers and exopoly-
saccharides (TefTerson, 2004).

Traditionally drinking waters are disinfected by
chlorine, chiorine dioxide or chloramine, However,
nowadays some cities in Europe no longer utilize
any disinfection chemicals to their distributed water
(Uhl et al., 2001: Van der Kooij et al, 1998) or only
UV-radiation is used. This ix possible in a high-quality
distribution system where the coneentration of nutrients
is law, the water temperature is Jow and where the
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retention time of water in distribution network is short
(Uhtetal., 2000 Van der Koofielal., 1998, In Finland,
UV-disinfection of drinking water is becoming more
common. One drawback to UV-disinfection is that
UV-radiation has no residual effect within the distribu-
tion network. in large waterworks, UV-irradiation is
usually foliowed by low dosing of chlorine. but in small
ground waterworks, UV-irradiation is generally the only
disinfection method.

Often the most problematic part of the distribution
system is the household plumbing where there are
increases in the temperature and concentrations of
metals like copper and iron and the content of chlorine
decreases (Zucheus and Martikainen, 1997}, This can
lead 10 an increase in microbial numbers in the wager
distributed throughout the buildings (7acheus and
Martikainen, 1995), There are studies showing that
Legionelle and Mycobucteriu can grow in drinking
water, this being a special problem in hot water
distribulion systems of hospilals, which may pose a
health risk to the patients (Dailfoux et al., 1999: Steinert
et al, 2002; Norton et al, 2004), Usuvally household
plumbing is constructed of plastic or copper, in some
certain cases of stainless steel. There are previous studies
showing that the characteristics of the pipe material can
influence the formation of biofilms and the survival of
pathogens in drinking water (Schwartz et al. 2003;
Niquette et al., 2000; Norton et af., 2004),

In Kuopio, Firland, we have recently set up a pilos
scale drinking water distribution systermn with commonly
used materials in  houscholds: copper and  plastic
{polyethylene, PE). This pilot distribution system is
built inside the building and is simulating the cold water
plumbing systems present in domestic houscholds. We
have shown that the formation rate and the microbial

community structure of biofilms were different in PE
and copper pipes (Lehiol ot al.. 2004). In this study, the
distribution network was connected o pilor scale
waterworks and we tested whether the UV-disinfection
and chlorination could change the drinking water
chemical quality and microbial growth in the water
and in the biofilms growing in pipelines with these
different materials.

2. Materials and methods
2.4 Distribution networks

The pilot scale distribution neeworks consisted of
two paraliel 100 m loaps o' 50 mm (inner diameter, 1D}
PE pipes. One of thase loops was connected 1o two
paralie] 10mm (ID) copper- and other one 1o i2mm
(ID) composite (po!yethylcne—aluminum»«polyelhylenc)
plastic tubings (PE) (Fig. 1} The pilet distribution
network of 10 and 12mum pipes was run with tap
water of Kuopio city for } year before the disinfection
experiments (Lehtols et al., 2004). The larger 50 mm
bipe was connected 10 the system just before these
experiments, the pipe was flushed with the pilot water
for approximately 30 min with 4 flow rate of 3-41/min
(0.025-0.034 m/s) before use. Larger pipes were cop-
nected to the system to simulate the consumption of
chlorine and increase of bacterial numbers in water
distribution networks.

Water flow in PE pipes was on average 121 ml/min
{Re = 186, laminar flow) and in copper pipes {18 mi/min
(Re =215, laminar flow) and ihe waler pressure was
2.5bar. Water flow was constant during the experi-
ments, The water retention times in 50 mm pipes, 10mm
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copper pipes and 12mm PE pipes were 27h, 65min and
94min, respectively. The drinking water used in the
disinfection experiments was produced in pilot scale
waterworks, where lake water was chemically coagu-
fated with ferriv sulphate, flotated, rapid sund fhrated
and finally water hardness. alkalinity and pH were
adjusted with lime and carbon dioxide. The waterworks
produced water at a flow rate of L2m’h. The purified
wiler was collected imto a 4m” stainless-stee] reservoir
pool before pumping (o the pifot distribution retwork.
Overflow was drained to the sewer. Warter samples were
taken after 50 mm pipes (PESG), after two paraliel PE
pipes (PE} and two parallel copper pipes (Cu) (Fig. 1),
Pilot water sumples were taken after the water reservoir
{Fig. 1).

Disinfection experiments were conducted in three 3
week periods. During the first period there was no
disinfection of the water, in the second period {(days
18-39) the drinking water was disinfected  with
UV-radiation (T0mW s/cm®) produced by a low-pres-
sure UV-lamp and in the last period (days 39-61) the
drinking waier was disinfected with both U'V-radiation
and chlorire (N2OCI). Chlorine was added at a final
concentration of approximately 2mg/l (Table ). Water
samples were 1aken three times per week.

2.2, Water analyses

The drinking water quality characteristics are pre-
sented in Table 1. Analyses were undertaken in 4
certified laboratory wsing standard methods.

Totul non-purgeable organic carbon (TOC) was
analysed by a high-temperature combustion method
with & Shimadzu 5000 TOC analyser (Kyoto, Japan}.
Assimilable organic carbon (AOC) was analysed by a
modification (Miettinen et al., 1999} of the Van der
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Kooij et ul.’s method {1982). The modification included
addition of inorganic nutrients such that AOC was
measured as AOC, i (Miettingn et i 1999), The
growlh of Pseudomonay fluvrescens P17 (ATCC 49642}
and Spirithen sp. strain NOX {ATCC 49643) in water
samples was calculated to correspond 1o acetate
equivalents, In water sampies containing chlorine,
residuat chlorine was removed by the addition of 50 ut
0.02M (for 100 ml} sodium thiosulphate,

Total phosphorus (total F) was analysed using the
ascorbic acid method according to the Finnish standards
(SF5-EN 1189, 1997). Absorbance wWds  measured
spectrophotometrically (Shimadzy UV-1601, Australia)
at 880 nm wavelength using a Scm light path. Micro-
bially available phosphorus {(MAP) was analvsed with a
bicassay where the maximum growth of P. fluorescens
P17 (ATCC 49642) in pastovrized waler samples is
related to the phosphorus concentration (Lehtols et al,,
1999). Inorganic nutrients {except phosphorus) and
sodium acetate were added 1o the water to ensure that
the growth of test bacteriz was limited solely by
phosphorus. The maximum microbial cell production
{cfu/mi) was converted to the phosphorus concentration
using the empirical yield ractor of 3.83 = lO"cﬁ::’ugP
(Lehiola et al., 1999),

Heterotrophic bacteria were analysed with a spread
plating method on R2A-agar (Difco) (Reasoner and
Geldreich, 1985). R2A-agar plates were incubated for 7
days at 22°C before colony counting (cfu).

Virus-like particles {VLP) and bacteria for direct
counts were stained with SYBR preen | {Sigma, St
Louis, USA}) nucleic acid stain (Nobte, 2601; Rinta-
Kanto et al.. 2004), Samples were preserved by adding
37% lormaldehyde 10 obtain a final concentration of
2%. The water sample of 800 pl was Bliered through a
0.02pum pore size aluminium oxide filter (Anodisc 25,

Fable |
Waier quality characteristics of Kuopio tap water and water produced in pilol walerworks
Kuopio tap water Pilot Pilot + UV Pilot + UV + )
n=6 n=}3 n=1z W= 16
Temperature "C 119409 8.7+1.4 91429 122406
pHl 8.04+0.1 1.64+40.1 17+0 75401
Conductivity nS/m 166418 187 -9 187+3 19145
Alkatiaity el 0.974+0.1 0.8840.06 B.4640.02 G.7540.04
Hardncss mimaol;} 0.5740.04 0.49+0.16 0.5040.04 0,36 +0.05
Iron mg:d 0.05406.02 0.0840.03 0.064+0.01 0.06 +0.02
Sulphate mgd 02413 36.5+35{2) n.i, RLit.
Chloride CI™ my:] 73409 3I+0.1 32201 0.2:40.3
Chlorine me;l 0.0640.04 (18} — — 1874023
TOC my/l 124058 3L1+040 Li~00 29301
ACC ugA 4F+20 (11} 448+ 14 (3) 27420 43) 10D
MAP wafl 0.26-0.17 {12} 0.094+0.06 {3) LIE-L0.08 (3) 0.06 #0.02 (3}

In chiorine, sulphate, AOC and MAP the number of anal
arganic carbon; MAP, microbially available phosphorus.

yses is in the pusenthesis. TOC, total orgunic carbon; AQOC, ussimilable
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Whatman Ltd., Maidstone, England). After collecting of
bacteria and VLPs on the flters, they were stained with
SYBR green I (Sigma) nucleic ucid stain (final dilution
0.25%) and enumerated using  x 1000 magnification
under blue excitation using an Olympus BX S5ITF
epiflucrescence microscope (Olympus Co, Lid.. Japan)
equipped with an ocular grid. Bacteria and VLPs were
distinguished bascd on their dimensions and, or their
relative brightness (Noble. 2001).

The growth potential of native microbial populations
(HGR) in water was analysed by incubating the samples
#t 15°C in the dark. Bacterial growth was followed for 1
weeks by spread plating every second or third day on
R2A-upar plates (Difco) {(Reasoner and Geldreich.
1985). R2A-agar plates were incubated for 7 days at
22°C before efu's were counted. The maximum micro-
bial numbers obtained during the water incubation are
reported,

Sotuble copper in water was analysed using the
bicinchoninate methad with « HACH DR/2010 spectro-
pholometer (Loveland, Colo. USA) and Cuver® |
copper reagent (HACH Permachem rcagents, USA).
Free chilorine residual was analysed with a Palinest
Micro 1000 chlorometer (Palintest Ltd., England).

2.3, Binfilms

Biofilin collectors were installed as components of Lhe
pilot distribution system. The cotlectors consisted of
15em (copper) and 20cm (PE) pieces of pipes, which
were connected in line and installed as a part of the
system by ball valves at the ends of the biofilm collector
pipes. Biofilm collectors were installed at 2,50 and 100m
distances from the beginning of the pipeline. Some of the
biofilm collectors (PE 2m old, PE 50m old, Cu 2m old
and Cu 50m old, m means the distance as meters of the
collector from the beginning of the pipeline) were
installed to the distribution network about & months
before connecting the pilot waterworks to the network,
Le. these old collectors were fed by Kuopio tap water
before connecting to the pilot waterworks. This ar-
rangement enabied us to study the effect of water quality
change on the old biefilms. New collectors were installed
Just before connecting the pilot 1o the network. these
collectors were disinfected with chilorine before use
(12mg/ for 2h).

During sampling. the biofilm collector pipes were
closed via ball valves before disconnecting  and
removed with the water inside the tube, In laboratory,
ball valves were removed and the pipes were closcd
with ethanol swabbed parafilm {American National
Can, USA} The biofilms inside the collector pipes
were removed by shaking with sterile 2mm glass beads
and rinsing with 5ml sterife water (Zacheus et al., 2000).
The results are given as an average of two paralfel
pipelines,

For total bacteria and vLp analyses biofilm exlrac-
tior of 100 ul was dituted with sterfle water 10 800l and
analysed s described above, HPC in the biofilm
extraction was analysed as described above for water.
All biofilm results were normalized to the amount of
surface area (em?),

3. Statistical methods

The statistical differences for the parameters were
analysed with oneway analysis of variance calcujated
with Microsoft Excel 2000 program,

4. Resnlts
4.1 Pilot water withour disinfection

There were some differcnces in drinking witer quality
between Kuopio tap water and water produced in pilot
waterworks (Table 1), In the water produced in pilot
waterworks pH (p <0.001) and alkalinity (p <0.01) were
lower and conductivity (» <0.01) higher than in Kuopio
tap water (Table I). The concentrations of AOC were
stinilar in these waters. The concentration of MAP was
tower in waler produced in the pilot waterworks, but
due the high variation in results the difference was not
statistically significant (Tabie | )

The copper concentration in outler water of copper
pipes increased from 0.2340.05 to .53 +0.09 mg,1
{p<0.001) after the pilor witerworks was connected to
the distribution network. It was not possible to analyse
the concentrations of AOC and MAP in the outlet water
of copper pipes, because the water was toxic for the P,
Sluoreycens strain used in the ADC and MAP bioassays.
Both total phosphorus and MAP concentrations clearly
increased in 50mm pipeline {p<0.001), and were higher
also in outlet waters of PE pipes {p<0.0! for MAP and
#<0.001 for total phosphorus) (Fig. 2). MAP concen-
tration started to decrease with time (Fig. 2}, but total
phosphorus remained high 1174 2pgit P) for the first 4
weeks. Al the end of all experitnents, total phosphorus
in outlet waters was on average 11 +2pg/l P, but MAP
had decreased to below | ug/IP (Fig. 7). The AOC
concentration decreased  strongly (p<0.001) in the
disiribution networks {Fig. 3. Changes in nutrient
concentrations were related to the microbial regrowth
potential in water (Fig. 4}, Microbial numbers in outlet
water increased (p<0.001) after conaecting the pilot
waterworks Lo the networks (Tabie 2). The number of
HPC in pilot water did not differ from Kuopio tap water
(Table 2).

After the first 3 weeks period. the change in water
source from Kuopio tap wuter to water produced in
pilot waterworks did not result in significant changes in
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Fig. 2, Concentration of MAP in water from pitor waterworks
and outiet waters of PE pipes. PE: outlet waters from 12 mm PE
pipes {mean of two paralic} pipes + range). PESO: outlet waters
from 50mm pipes (mean of two puraliel pipes + range), Pilot;
inlet water produced in pilot waterworks. Dashed line shows
the time when UV-disinfection or UV +eilorination  were
initiated,
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Fig. 3. Concentration of AOC in water from pilot waterworks
and outlet waters of PE pipes, PE: outlet waters from 12 mm PE
pipes {mean of two parallel pipes + range), PESO: outler wazers
from 50 mm pipes (mean of two parallel pipes + range), Pilou:
inlet water produced in pilot waterworks. Dashed line shows
the time when UV.disinfection or UV +chiorination were
initiated,

the number of bacteria in biofilms {Figs. 5and 6). In old
biofilms of the copper pipes, the number of VLPs
increased (p = 0.05) after pilot waterworks was con-
nected to the distribution network (Fig. 7). The number
of VLPs was lower (p<0.001} in copper pipes than the
corresponding value in PE pipes (Fig. 7). When
compared old biofilm collectors, there were no statisti-
cally significant differences in the number of HPC or
total number of bacteria in biofilms of copper pipes or
PE pipes (Fig. 6). In the new biofilm collectors, the tota)
number of bacteria was higher (p<0.05) in PE pipes
than in the copper pipes (Figs. 5 and 6).

ki) N 40 50 SO—VM ?"0
Days

Fig. 4. Maximum growth potential of microbes in water from
pilot waterworks and outlet waters of PE and copper pipes. PE:
outlet waters from 12man PE pipes (mean of two paratle pipes
+ range), Cu: outlet waters from copper pipes (mean of two
parallel pipes + range), PES0: outict waters from J0mm pipes
(mean of two puraflel pipes + range), Piot: inler water
praduced in pilot waterworks, Dushed line shows the time
when UV-disinfection or UV + chlorination werc ihitiated.

4.2, UV-disinfection

UV-disinfection had no significant effects on MAP or
AQC concemrations in pilot water (Figs. 2 and 3). The
concentration of copper in outlet water of copper pipes
increased to an average ol 0.69+0.08 (p<0.001) mg;!
after UV-disinfection was initiated.

UV-disinfection decreased the number of HPC m the
pilot waterworks on average 72% {p=<0.001} 1y the
distribution network the decrease in 5¢ mm pipes was on
average 82% {p<0.001), in \he outlet water of PE pipes
on average 84% (p<0.001} and in the outlet water of
copper pipes on average 76% (p< 0.001) (Table 2). UV-
disinfection had only a minor effect on the numbers of
total bacteria and VLPs (Table 2).

UV-disinfection had no significant effects on micro-
bial numbers in the biofilms of PE or capper pipes (Figs,
5~T}. However, the number of VLPs increased {p<0.05)
in biofilms growing in copper pipes (Fig. 1.

4.3, UV-disinfection+chlorination

Chlorination had no significant effect on MAP
concentration in the pilot waterworks (Table ). Con-
cenration of AOC increased in pilot waterworks to an
average of 41 pg/1C (Table 1, Fig. 3) and it continued
increasing in the networks up 1o 50-60 peAC (Fig. 3).
The increase of AOC was not statistically significant in
pilot waterworks, but in networks the increase was
significant (p<{0.001). The concentration of copper in
outlet water of copper pipes increased to an average of
0.78£0.08 {p <0.001) mg/l.

The concentration of frec chlorine in pilot water
was on average 1.9+0.2mg/l, afier 50mm pipes it
was 086 +0.19mgl (p<0.0601), after PE pipes
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Fig. 5, Number of HPC in hiofiims growing on copper and
plastic pipes (nean of two paraile) pipes + range} in difforent
parts of the pipeline (meters from the beginning). Old biofilm
collectors were installed 6 months hefore connecting of the pilot
walerworks to the network. new collectors were installed just
before connccting to the pilot waterworks.

™ Kuopio tapwater
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Fig. 6. Number of lora) bucteria in biofilins growing on copper
and plastic pipes (mear of two purallel pipes + runge} in
different parts of the pipeline (meters from the beginning). Old
biofilm collectors were instalied 6 months before connccting the
piiol walerworks to the network, new collectors were installed
fust before connecting Lo the pitot waterworks.

0.59+0.15 mg/l (p<0.001 i compared to 50mm pipes)

and after the copper pipes .13+ 0.05mg/l (p<0.001 if

compared to 50mm pipes). Concentration of chlorine
in water was significantly lower {p <0.001) after copper
pipes tham it was after PE pipes. Chiorine eliminated
effectively cullurable bacteria in pilot {p<0.001) water-
works and outlet water of PE pipes (7 <0.001) (Table 2).
Also, in PE pipes total number of bacteria (7 <0.01) and
number of VLPs (p<0.001) in water decreased after
chloringtion. HPC in outler water of the copper pipes
decreased strongly (p<0.90) for | week, but after that
time the HPC recovered back to the level before the start

Fig. 7. Number of virus-like pasticles (VLPs) in biofilms
growing on copper and plasbe pipes (mean of Lwo paraliel
pipes + range) in different parts of the pipeline (meters from
the beginning). Gld biofibn colleciors were installed 6 months
before connecting the pilot widerworks 1o the network, new
collectors were installed just before connecting to the pilot
waterworks.

of chlorination. Also, HGR in oulet water of copper
pipes increased strongly (p-20.01) (Fig. 4). HGR could
not be determined from outlet water of PE pipes,
because the water contained no culturable bacteria.

Chlorination effectively eliminated cultyrable bacteria
(p<0.001), total number of bacteria (p < 0.01) and VLPs
{p<0.001} in biofilms of the PE pipes (Fig. 5). In copper
pipes, chlorine had a lesser effect on biofilms. Chlorine
decreased the number of culturable bacteria in front of
the copper pipe {(Cu 2m) and in new biofilms in the
middie purt (Cu 50 m new) of the pipeline (p<0.01) (Fig,
5). In the old biofilms growing in the middle of the
pipeline, chloriration did not have any effect and at the
end of the pipeline, the microbial numbers in biofilms
even demonstrated an increase (p<9.0! for HPC and
P<0.05 for totai number of bacteria) (Figs. 5 and 6.
The number of VLPs in copper pipes decreased after
chilorination (p <0.01) (Fig. 7).

5. Discussion

We have found carlier that PE pipes may release
phosphors imto drinking water (Lehtolu et al, 2004).
Even though the 50mm pipe was flushed before usc in
the present study, the contents of hoth total phosphorus
and MAP mcreased strongly in water. As a result of the
Now through the 56 mm PE pipes, the concentration of
phosphorus in outlet water of pipes did decrease with
time, which probably affecled microbial growth. The
concentration of phosphorus, especially MAP, was so
high compared to AOC, that microbia! growth in water
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and  biofilms  was thought to be fimited by the
availability of organic carbon.

The increase in retention time and nutrient concentra-
tions resulted in a major increase in microbial numbers
in the outlet water of the distribution networks, The
increase in microbial activity was associated with a
decrease in concentration of AQC in the networks,
Supporting some previous results showing that microbial
growth in networks can decrease the AOC content in
water (LeChevallier et al.. 1987 Van dor Kool 1992;
Miettinen et al.. 1997). The increase in the concentration
of copper may be a resalt of changes in corrosivity of
water, or chinges in microbial biomass and activity. In
the pilot waterworks water alkalinity and pH were lower
thar in Kuopio tap water, ie, pilot water was slightly
more corrosive than Kuopio tap water. Critchley et al,
{2001) have shown that biofilms may cause cuprosol-
vency. However, there are also Opposite results showing
& protective effect of biofilm on copper, and showing
that cuprosolvency is dependent on the microbial
population (Critchley ey al., 2001; Critchley and Fallow-
fiekd, 2001). Disinfection of the water increased the
copper concentration in the outlet water of copper pipes,
which may be reflected in the protecting effects of
biofilms on copper pipes. Because corrosion is based on
oxidation/reduction reaction, the chiorine in water can
also affect the copper corrosion (Rushing und Edwards.
2004). En our previous studies with Kuepio tap water,
we detected positive correlation between HPC in inlet
water and copper concentration in outlet water (Lehtola
et al., 2004). These different results may be due to the
different microbial populations in the infet wuters and to
an increase in the water corrosivity when the water was
disinfected.

In old biofilm collectors, the number of bacteria in
biofilms did not significantly differ in copper and PE
pipes, but in new collectors the number of bacteria was
higher in PE pipes. This agrees with our previous results
where we found that the formation of biofilm occurs
more slowly in copper pipes than in PE pipes (Lehtola
et al., 2004). The number of VLPs increased espectally in
the old biofilms of copper pipes after connecting the
network to the pilot waterworks. This may be a
consequence of the increase in bacterial activity in
biofilms, triggered by the increase in avaifability of
phosphorus (originating from the 50mm PE pipe
material). Bacteria are known to release larger numbers
of viruses in conditions favouring fast growth and high
productivity {Wommack and Colwell, 2000). The
number of VLPs was lower in outlet water and bioflms
of the copper pipes than in the PE pipes, which aprees
with our previous results (Lehtola et al., 2004},

The effect of UV-disinfection on the number of
bacteria in pilot water was Jower than would have been
anticipated from the literature, although the UV-dose
(70mW sfem?) used in these experiments was higher

than normally used in waterworks (Havris et af., 1987,
Parrotta and Bekdash. 1993). The reason for that might
be related to the sampling procedure. Samples were
taken after the water reservoir where the bacteria, which
have survived UV-disinfection mdy grow in waler or
emerged from the biofilms. The water TESErVOIr was not
disinfected before the UV-disinfection was applied.
Sampling after water reservoir was important, because
then # was possibie 10 analyse more accurately the
effects of chlorination and pipeline material on the
water quality, Typicaily, the number of bacteria
increased and the concentrution of free chlorine
decreased in pipelines and water reservoir belore the
pilot distribution network (results not shown). However,
the effect of UV-disinfection was seen also in bacterial
numbers in the outlel waters. This medns that even
though UV.disinfection has no residual effects in
networks, the decrease in bacterial concentration in
waterworks results in 4 lower number of bacteria also
in outlet water of the pipes. We have found earlier that
the microbial community siructure in water changes in
this network (Lehtols et al., 2004). These findings
suggest that bacteria in water originate both from
biofilms and the inlet water, not solely from biofilms,
UV.disinfection had ne effect on bacterial numbers in
the biofilms of PE- oy copper pipes. but increased the
number of VLPs in biofilms of copper pipes. It is not
krown why the VLPs in the biofilms present in copper
pipes increased. In pilot waterworks, UV-disinfection
had no effects on MAP, which confirms our previous
findings with UV-doses below 200 mW siem? {Lehtola
et al,, 2003),

In the PE pipes, chiorine decreased effectively the
number the HPC in water and biofilms. Also the total
number of bacteria and VLPs decreased strongly after
chlorination. These results suggest that even at chlorine
concentrations of 0.86mg/i, the concentration after
S50mm pipes, chlorine can destroy biofilms, In general
higher concentrations of chlorine are needed to elim-
inate bioflm microbes {LeChevallier, 1990). Chlerine
increased the content of AQC in witler, it support of
previous results (Van der Kooij. 1990, Miettiner et a)..
1998; Lehtola et ul., 2001a). In PE pipelines the content
of ACQC increased with retention time. There are two
possible explanalions for this phenomenon. First, there
wis no further microbial consumption of AOC, and
second, chlorine could have becn reacted with organic
matler to generate a continuous supply of AOC, We
have shown earlier that it can take 74h or more 1o
achieve the maximum increase in the content of AOC in
drinking water after chiorine treaiment (Lehtola et al.,
20014). In this study the age of water before entering the
distribution network was no longer than few hours.
Since the water still contained an excess of phosphorus,
the increasc in AOC clearly increased the growth
potential of bacteria (HGR} in water, us seen in the
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outlet waters {rom the copper pipes. Chlorination had
no effects on MAP, as found earlier {Lehtota e1 at,
200tu). Release of MAP from humic substasces requires
stronger oxidants such as ozone (Lehtola ot al. 2001b).

In the copper pipes. the disinfection efficiency of
chlorine was lower than in the PE pipes. During the first
days after chlorination. chlorine decreased effectively
bacterial numbers in outlet water of the copper pipes,
but subsequently the number of bacteria increased back
to the level before chlorination, These bucteria were
originating from the biofiims of the copper pipes,
because afier 50 mm PE pipes (inlet water of the copper
pipes) there were no culturable bacteria in water,
Biofilms and bacteria in the copper pipes might be
better able 1o tolerate chlorine than the biofilms and
bacteriz in the PE pipes. In front of the PE and copper
pipes, the content of chlorine was the same, but only in
biofilms of copper pipes it was able to detect any
culturable bacteria, There may be some genetic adapta-
tion in the bacteria ie. to produce oxidant-degrading
and repair enzymes against oxidising agents (Cloete,
2003). Another reason may be that in the copper
pipe, the chlorine concentration decreased faster than
in the PE pipes. In outlel water of the copper pipes,
the free chlorine concentration was only #.13mg/,
whereas after it passed through the PE pipes the water’s
chlorine level was stilt 0.59 mg/l. Chiorine can react with
copper producing copper{Ichioride or copper{H)chlor-
ide (Cotton ¢t ak, 1987). CuCl is highly insoluble, but
CuCly is soluble. In aqueous solution Cu®™ is more
prevailing state of copper (Cotton et ., 1987),

The decrease in chlorine concentration in copper pipes
was seen on its effect on biofilms, In biofilms taken from
the beginning of the copper pipe, chlorination lowered
the numbers of bacteriz, but at the end of the pipe the
number of bacteria in biofitms increased strongly. This
increase is probably due 1o the higher content of AOC in
water, an jmportant facter for microbial growth in
biofilms in carbon limited water (Van der Kooij et al..
i995). Tn the mid-section of the pipe, the age of biofilm
affected the impact of chlorine. Older biofilms were
resistant to chlorine. The thicker old biofilms may
provide better protection aguinst chlorination and the
microbial community living there would be better able
to withstand the toxic effects of chlotine (Jefferson,
2004). There are known to be different microbial
community structures in biofitms growing in PE pipes
and in copper pipes (Lehtok et al., 2004).

In this work the chlorination was achicved with
hypochlorite {NaQC1), which is more reactive than
chloramine. LeChevallior ¢t al. (198%) found that
chloramine is & more effective disinfectant for biofilms
than chlorine because it can penetrate deeper into the
biofilms. It is possible that in copper pipes, chloramine
would be more effective disinfecrant than chlorine, a
factor requiring further study in the future.

6. Conchusions

Our study showed that the effeet of disinfection
depends on the pipeline material, Even though UYV.
disinfection has no residuals in the distribution network,
it decreased the microbial numbers in the outlet water in
the network. Chiorination decreased effectively the
microbial numbers in water and biofilms of PE pipes,
In copper pipes, the effect of chlorine was less effective,
probably due 10 the greater decrease in chlorine
conceniration occurring there and the better tolerance
of bacteris against chlorine, The results show that it is
important to analyse the chlorine dose in outlet waters
of pipelines to ensure the adequate dosing of chlorine.
Copper pipes may require # higher chlorine dosage than
plastic pipes.
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